Longitudinal strains in optical fibers have been found to produce a large differential phase shift between the firstand second-order spatial modes propagating in a two-mode fiber. This differential phase shift between the modes is both calculated and measured to be dispersive with respect to wavelength. For fibers with highly elliptical core geometries, which propagate only one lobe orientation of the second-order mode, the differential phase shift is also found to be polarization dependent.
Recent research has shown that highly elliptical core two-mode fiber interferometric systems are a promising new technology.' Such systems are sensitive to environmental parameters that induce a differential phase shift between the fundamental and secondorder modes of the fiber. Layton and Bucaro 2 have described a hydrophone in which differential phase shifts between the spatial modes of a fiber, for the case of a circular core, are induced by local fluctuations in the hydrostatic pressure caused by acoustic waves. The elliptical core case is more difficult to analyze but is of more interest for applications than the circular core case. In this Letter we present experimentally measured characteristics of the differential phase shift between the first-and second-order modes induced by longitudinally straining an elliptical core fiber and compare the results with a theoretical analysis of circular core fibers.
A two-mode fiber with a highly elliptical core geometry will propagate the fundamental LP 0 1 mode and only one lobe orientation of the second-order mode over a large region of the optical spectrum.", 3 The complex field distributions of the four nearly degenerate second-order eigenmodes in a circular fiber are reduced to two linearly polarized eigenmodes in a highly elliptical core fiber. In addition to simplifying the second-order-mode field patterns, the elliptical geometry also introduces birefringence into both the fundamental and second-order modes of the fiber. A fiber of this type propagating in both modes is a natural interferometer, as the two spatial modes having the same polarization will beat, causing light to leave the fiber displaced from the fiber axis.' The antisymmetric second-order mode will add to the symmetric fundamental mode constructively on one side of the fiber core and destructively on the other. Hence light will leave the fiber to one side or the other, depending on the relative phase between the two modes.
The relative phase between the first-and secondorder modes will be affected by longitudinal strains in the fiber. To evaluate this, we start by calculating the change in the beat length (LB) between the modes, i.e., the change in the distance along the fiber over which the phase of the fundamental mode slips 27r behind the phase of the second-order mode as the fiber is longitudinally strained. Since the mode-propagation constants of a highly elliptical core step-index fiber are difficult to determine analytically, we calculate the beat-length change with strain for a circular core stepindex fiber and take the results as qualitatively correct for an elliptical core fiber. This approach predicts the characteristics of the observed wavelength dispersion quite well. The model, however, does not address the polarization behavior. The beat length between the first-and second-order modes of a circular core step-index fiber can be expressed as 4 LB = 27ra 2 1)2AV), (1) where a is the fiber core radius, A = (ncore -ncladding)/ ncore is the normalized core-cladding refractive-index difference, V = (27ra)/X (ncore -ncladding)1/2 is the normalized frequency, and f(V), plotted in Ref. 4 , is the beat-length dispersion.
When a fiber of length 1 is stretched by an amount el (<<«), the beat length will change by Of OV ail (2) The term Oa// is -a(a/l), where ar is Poisson's ratio (0.17 for fused silica). Evaluating the terms aA/Ol and aVial requires using the relation 5
al 21 (3) where n is the refractive index of the core or the cladding and pl, and P12 are the strain-optic coefficients (0.12 and 0.27, respectively, for fused silica). Using these relations, the terms of Eq. (2) 
where K(V) is plotted in Fig. 1(a) . K(V) represents the fractional change in the beat length per unit axial strain applied to the fiber. Its dispersion with Vnumber, accounted for in Eq. (6), has its physical origin in the fact that as the fiber is strained in tension, the core parameters are altered so as to cause the V number to be lowered.
To determine the amount by which the fiber must be strained in order to achieve a 2wx differential phase shift between the fundamental and second-order modes, we note that the number of beat lengths (m) in a section of fiber of length I is 1/LB. After stretching this section of fiber by an amount t1 2 7. to add one beat length, we have 
LB 1-K(V)
The quantity (51l27)/LB is plotted versus V number in Fig. 1(b) . As can be seen from this plot, the fiber must be pulled by an amount over twice the beat length (LB) to achieve a 2r differential phase shift between the fundamental and second-order modes when the optical frequency is near the second-mode cutoff frequency, whereas the fiber need be pulled less than the fiber beat length when the optical frequency is well within the two-mode operating region. In practice, it is difficult to measure a consistent beating between the fundamental and second-order modes in a circular fiber, as the almost degenerate . second-order eigenmodes so easily couple among themselves during the straining process. However, for a highly elliptical core fiber, because the secondorder modes are nondegenerate, there is essentially no coupling between them caused by the straining process. Figure 2 shows the experimental setup used for measuring the amount of stretching required in an elliptical core fiber to induce a 27r differential phase shift between the lowest and second-order modes. Light was launched into the fiber, with approximately 50% going into each spatial mode. Separate measurements were made with the light polarization aligned along each of the axes of the core ellipse. A region of applied strain was created by epoxying the fiber at one point to a fixed post and at another point to a linear translation stage. After passing through the strain region, the light was projected onto a screen. As the fiber was stretched, the light was seen to oscillate from side to side along the long axis of the core on the screen, indicating that the relative phase between the modes was progressing monotonically with strain. The amount of elongation 5127, needed to produce a complete oscillation on the screen was measured as a function of the optical wavelength and the polarization state of the light. Figure 3 are the beat lengths between the first-and secondorder modes for each fiber measured by techniques described in Refs. 4 and 6 and theoretical curves for 127, using circular core fiber models. The circular core fiber models assume second-mode cutoff wavelengths and optical beat lengths equal to those measured for the elliptical core fibers.
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As can be seen from Figs. 3(a) and 3(b) , the dispersions of 8127, for both elliptical fibers tested follow the circular fiber calculation. However, for the fibers tested, the two polarizations exhibited different 612,,'S. This polarization splitting is not yet well understood, but the source of it probably lies in the fact that as the fiber is longitudinally strained, asymmetric strains develop in the cross section of the fiber around the elliptical core-cladding interface.
In conclusion, we have shown that the fundamental and second-order modes of a two-mode fiber experience different phase shifts when the fiber is strained. The differential phase shift between these modes is dispersive as calculated for a circular core fiber and measured for an elliptical core fiber. For highly elliptical core fibers, the differential phase shifts were found to be polarization dependent. Finally, we remark that highly elliptical core two-mode-fiber interferometric systems will have large sensitivities to strains and may provide a valuable contribution to the technology of strain and acoustic sensors.
